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<N ! ABSTRACT 

The 2-m robotic Liverpool Telescope reacted promptly to the gamma-ray burst GRB 050502a dis- 
covered by INTEGRAL and started observing 3 min after the onset of the GRB. The automatic 
' identification of a bright afterglow of r' ~ 15.8 triggered for the first time an observation sequence 

\ in the BVr'i' filters during the first hour after a GRB. Observations continued for ~1 day using the 

\Q , RoboNet-1.0 network of 2-m robotic telescopes. The light curve in all filters can be described by a 

t^- ■ simple power law with index of 1.2 ± 0.1. We find evidence for a bump rising at t ~ 0.02 days in all 

filters. From the spectrum and the light curve we investigate different interpretative scenarios and 
we find possible evidence for a uniform circumburst medium with clumps in density, as in the case 
of GRB 021004. Other interpretations of such bumps, such as the effect of energy injection through 
refreshed shocks or the result of a variable energy profile, are less favored. The optical afterglow of 
GRB 050502a is likely to be the result of slow electron cooling with the optical bands lying between 
the synchrotron peak frequency and the cooling frequency. 
Subject headings: gamma rays: bursts 
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1. INTRODUCTION tical emission was found to rise for the first 600 s, slowly 

Although a considerable number of Gamma-Ray vary for 1400 s and then faded as a power law. This was 

Bursts (GRBs) have detected optical counterparts, there interpreted as due to the variable extinction by the local 

are still few with optical afterglow measurements within circumburst medium ( Rvko ff et alj | 2004|) In the cases of 



S3 ■ minutes of the gamma rays: Figure □ shows the early GRB f 9 ®] 23 and GRB 02 | 211 < tbe earl y u S ht curve 18 

light curves (unfiltered, R and V) for all of these. The described by a power law whose index varies from ~ 2 to 

early afterglow is particularly interesting as it carries in- ~ 1 a fe ^ mm after the GRB: at 0.5 mm and 2.7 mm m 

formation about the immediate surroundings of the GRB * he * est frame > respectively flHolland et al. || 2004|) . This 

progenitor, concerning either the circumburst medium or has been interpreted as due to the transition between 

the interaction between shells and the ISM in the fireball reyeree and forward shocks. 

scenario. For two GRBs, an optical flash was detected . GRB . ? 10 M^ one of , , fe^l observed , GRBs 

simultaneously with the gamma rays: GRB 990123 and , ln °P tlcal ( H °Uand et al. 200^ | Fynbo et alj |200j 

GRB 041219a: the former has been interpreted as the sig- | de Ugarte Postigo et al. | |2005| exhibited a number of 

nature of a reverse shock lAkerlnf et alJl199fl|> . while for blimps m its light curve, with all but the first bump 

the latter a correlation between the gamma-ray and opti- bem S d f ected from radl ° to , U band ; Dlff f ent interpre- 

cal radiation ligh t curves seems to favor a common origin * atl0ns have been suggested to explain the light curve 

HVestrariH et n ,lM5l . These early afterglows show con- features: j Lazzati et al. | 12003 modeled it using a vari- 

siderable variety: e.g. , in the case of GRB 030418 the op- able densu 7 - roffle > most hkel y a uniform medium with 

clumps with density variations of the order of An/n ~ 10 

Electronic address: Kcrg, am, ag, cgm, ias, dxc, mfb, rjs, cjm, mjb) Qast.fla^gKafc.ftfe|10 6 cm. Other authors llNakar et alJl2003t 

Electronic address : 1 rrrtqstSBgEScarKl~ LJiornsson ct al. 2004t Ide Ugarte Postigo et alJl2005|) ac- 

Electronic address: masetti@bo.iasf.cnr.it count fof th b ^ e isodes of energ injections 

Electronic address: pian@ts.astro.it i n i • r i 

1 present address: ri'U-lRS'l' and 1NFN, Trento, via Sommarive, when inner shells catc h up with the after glow shock at 
18 38050 Povo (TN), Italy. late times. In addition, N akar et alJ (|2003) show that the 

2 present address: FMF, University in Ljubljana, Jadranska 19, bumps Could be also explained by a variable energy pro- 

1000 Ljubljana, Slovenia. file that ig angu i ar iy_dependent on jet structure ( "patchy 
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shell" model). 

In this Letter, we report the robotic detection and 
automatic identification of GRB 050502a using the 2-m 
Liverpool Telescope (LT) located in La Palma, Canary 
Islands: these observations represent one of the first ob- 
servations of a multi-color light curve in the first hour 
since the burst. In addition, we report on late follow- 
up observations performed with LT and the 2-m Faulkes 
Telescope North (FTN) located at Maui . Hawaii, both 
memb ers of the RoboNet-1.0 consortium 3 l|Gomboc et al.l 
I2005aft . 

2. OBSERVATIONS AND RESULTS 

On 2005 May 02 INTEGRAL detected GRB 050502a 
at 02:13:57 UT and determined its position at 
a=13:29:45.4 and <5=+42:40:26.8 (J 2000) with an er - 
ror radius of 2 arcmin (90% C.L.) ijGotz et alJl2005j) . 
The GRB had a duration of 20 s. In the 20-200 keV 
band it had a peak flux of 2 x 10~ 7 erg cm" 2 s" 1 and 
a fluence of 1.4 x 10 -6 erg cm -2 (|Gotz fc Mereghettl 
I2005|) . thus ranking among faint/intermediate flucncc 
GRBs. ROTSE-IIIb started observing at 23.3 s af- 
ter the GRB and detected a 14.3-mag (unfiltered) un- 
known fading source at a=13:29:46.3 and £=+42:40:27. 7 
(J2000) (I = 98°.76 . 6 = +72°. 61) iYost et all 2005). 
iProchaska et alJ l|2005fl acquired a spectrum with Keck- 
I 3.5 hr after the GRB and identified a strong absorp- 
tion feature, which they interpret as SiII1260 at redshift 
z = 3.793. 

The LT responded robotically to the INTEGRAL alert 
and started observing 3 min after the GRB onset (2.5 min 
after the notice time). Independently of ROTSE-IIIb 
it detected a bright fading source not present in the 
USNO-B1.0, 2MASS and GSC 2.3 catalogs, with a po- 
sition consistent with that of the optic al transient (OT) 
of ROTSE-IIIb l|Gomboc et alJl2005bl) . The automatic 
identification of the bright an d rapidly-fading OT by the 
LT GRB robotic pipeline (see lGomboc et all l)2005c|) for 
technical details) resulted in the automatic triggering 
of a multi-color imaging sequence that provided light 
curves in BVr'i' filters from 3 min to 1 hr after the 
GRB onset. The robotic follow-up with LT ended af- 
ter the first hour. Subsequent follow-up observations 
were triggered manually on both the LT and FTN (Ta- 
bic nj. Magnitudes in r' and i' have been calibrated 
using the SDSS DR3 photometric database 4 . We ob- 
tained a c onsistent calib ration usin g Landolt st a ndard 
field stars l|Landoltlll992]) . for which iSmith et all <|2002f) 
provide SDSS calibration. For the B and V filters, we 
calibrated with Landolt standard field stars. The zero- 
points were stable during the night and fully consistent 
with the photometric values. This is also confirmed by 
the Carlsberg Meridian Telescope at La Palma 5 . Fi- 
nally we corrected for the airm ass and Galactic ext inc- 
tion. The Galactic extinction l|Schlegel et alJlT998f) to- 
wards GRB 050502a is low: A v = 0.03. We evaluated 
the ex tinction in the other filters following C ardell i et alJ 
(1989): A B = 0.04, A T , = 0.03 and A v = 0.02. Magni- 
tudes ha ve been convert e d into flux densities F v (mJy) 
following [Fukueita et alJ l)1995|) . 

3 Funded by UK PPARC through a consortium of 10 UK uni- 
versities. 

4 http: / / cas.sdss.org/ astro / en/tools / chart / navi.asp 

5 http:/ /www. ast.cam.ac.uk/~dwe/SRF/camc_extinction. html 



Figure [21 shows the multi-color light curve acquired by 
the LT during the first hour and the later points with 
both LT and FTN. An achromatic bump rising at t ~ 
0.02 d is evident. Fitting each light curve with a power 
law of the form F oc t~ a , and excluding points 0.02 d< 
t < 0.2 d, we obtain power-law indices consistent across 
all bands: a B = 1.20 ± 0.04, a v = 1.16 ± 0.06, a r > = 
1.19±0.04, a V = 1.16±0.03. By fitting only the r' points 
obtained during the detection mode within 3.8 min of the 
GRB onset time, we get a power-law index of a r , e&T \y = 

1.3 ± 0.1, consistent with the slopes reported above. 

Figure [31 shows the rest-frame Spectral Energy Dis- 
tribution (SED) at two epochs: before the bump (t = 
0.004 d), where no strong evidence for significant color 
change is observed (see Fig. EJ, and at the bump (t = 
0.035 d). Optical fluxes have been obtained by inter- 
polation. During the bump, a linear interpolation be- 
tween consecutive points has been adopted, considering 
that the variability timescales are much larger than the 
time difference between the pairs of data points used 
for interpolation. Moreover, we back-extrapolated to 
t = 0. 004 d a Swift X-ray upper limit determined around 
1.3 d lIHurkett et al.ll20 05L assuming a power-law decay, 

Fx oc t~ ax , and two different slopes: i) ax = a~x = 

1.45 (solid arrow in Fig.[3J); ii) ax = olx = 0.95 (dashed 
arrow in Fig. [3J| . The reasons for these choices are clar- 
ified in Sec. |3| In case (i) the power-law index between 
optical and X-rays must be: Pox > 0.7; in case (ii) 
it must be: Pox > 1-1. However a word of caution is 
needed, particularly because we know from the Swift ob- 
servation that during the first few hundred seconds the 
early X-ray afterglows can be charact erized by a steep 
declin e followed by a shallower decay (iTagliaferri et alJ 
2005). The b ack-extrapolation for the ra dio upper limits 
provided by Ivan der Horst et al] l)2005|) between 0.6 d 
and 1.1 d is much more difficult, given that in general 
the behavior of the early radio afterglow is likely to be 
very different from the optical one. Hereafter, we do not 
consider these radio limits. 

We note a possible marginal reddening of the spectrum 
at the time of the bump (see bottom panel of the inset 
in Fig. |3J), albeit not statistically significant: the flux 
ratio between the bump and the pre-bump epochs does 
not vary significantly for different optical bands (see also 
GRB 000301C, Masetti et al. 2000). Due to the high 
z, the Lyman-a forest suppresses both B and V band 
fluxes. This accounts for the unusually-steep SED in 
the optical: by fitting all the four points with a power 
law, F oc j/ _/3 , the index is around (3 — 2.8 ± 0.8 with 
a poor x 2 (x 2 /do/ = 116/2). However, if we assume a 
standard value of P = 0.8 (see Sec. 0J, we find that the 
flux deficiency at high v can be ascribed to the Lyman-a 
forest (see the top panel of the Inset in Fig. [3| . 

3. DISCUSSION 

The reality of the bump we find in the light curve 
at t ~ 0.02 d is also supported by a re brightening ob- 
served in the IR (Blake & Bloo7rl l2"005l) : initially they 
observed a decay of 1.1 mag in the J band between 
47 min and 94 min (corresponding to a power-law de- 
cay index of a = 1.5, no error reported), followed by 
a rebrightening of A J ^0.1 between 94 min (0.065 d) 
and 121 min (0.084 d). In addition to our measurements, 
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Fig. 13 also shows two unfiltered points by ROTSE-IIIb 
llYost et al.ll2005D an d two other R measures reported by 
Mira bal et all l)2005|) . which we converted to r' assum- 
ing 0.3 < R — I < 0.6 (no uncertainty was reported, 
so we assumed the systematic of 0.3 of the USNO-B1.0 
magnitudes, as they calibrated with a USNO-B1.0 field 
star). In particular, the latter points seem to confirm the 
pres ence of the bump i n r , despite the large uncertain- 
ties. IDurig et alJ l|2005j) report unfiltered observations of 
the bump. Since the conversion of unfiltered to standard 
magnitudes requires some assumptions and implies large 
uncertainties, we are not as confident about the proper 
intercalibration of those converted magnitudes and our 
data as we are at earlier epochs, when the decay is simply 
monotonic. Therefore, lacking a comparison dataset of 
unfiltered data covering both the mo notonic early decay 
and the bump, we have not included |Durig et"afl l)2005l) 

data in Fig. 

Following Lazzati ct al. ( 2002) , if we interpret the 
bump as due to density variations of the ISM, this is 
possible only if the observation occurred at a frequency 
v = vq (let vo be the frequency of our optical bands) be- 
low the cooling break v c and above the peak synchrotron 
frequency v m : v m < v < v c . In the following we consider 
the two cases of uniform ISM and wind environment, re- 
spectively. 

In the case of uniform ISM, the expected power-law 
index of the light curve is a = 3(p — l)/4, where p i s 
the electron energy distribution index ijSari et al.l ll998'). 
From our measure of a = 1.2±0.1 we derive p = 2.6±0.1. 
We also note that when v c crosses the optical band we 
should expect a steepening in the light curve of Aa = 
0.25. Since we do not find evidence for this before t < 
1 d, the only possibility is that vq < v c at least until 
t ~1 d. The energy spectrum at frequency v m < v < 
v c is a power law with index (3 = (p — l)/2, i.e. (3 = 
0.8 ± 0.05. Figure |31 shows that this is consistent with 
our result. The cooling break v c must lie between the 
optical band vo and the X-ray vx- vo < v c < vx- 
The power-law index of the spectrum between v c and 
v x is expected to be [3 c x = p/2 = 1.3 ± 0.05. The 
X-ray power-law decay index, ax, is expected to be: 
ax = 3(p — 1)/4 (v c > vx), ax = (3p — 2)/4 after v c has 
crossed the X-ray band (v c < vx), thus experiencing a 
steepening of Aax = 0.25. As this is expected to occur 
soon after the GRB, it is sensible to back-extrapolate the 
X-ray upper limit assuming for most of the time ax = 
(3p — 2)/4 = 1.45. From Fig. as long as we assume 
the validity of the X-ray upper limit back-extrapolated 
to t = 0.004 d assuming ax = 1-45 (solid arrow), we 
find that the shallowest power-law index allowed between 
optical and X-rays is Pox > 0.7 . Thus, this is consistent 
with a broken power law with power-law indices from 
0.8 to 1.3. In summary, we conclude that the case of a 
uniform ISM is fully consistent with our observations. 

In the case of wind environment and p < 2 w e must 
use the relation a = (p + 8)/8 bv iDai & Chend l|200lD 
for v m < v < v c , which yields p = 1.6 ± 0.8. The case of 
p > 2 is incomp atible with the data: from the relation 
a = (3p— 1)/4 bv lChevalier &; Lil l)1999j) we derive a value 
of p = 1.9 ± 0.1. From (3 mc = (p - l)/2 and f3 cX = p/2, 
holding for v m < v < v c and for v c < v < vx, respec- 
tively, we derive: (3 mc = 0.3 ± 0.4 and (3 cX = 0.8 ± 0.4. 
Concerning the back-extrapolation of the X-ray upper 



limit, ax is expected to be: ax = (p + 8)/8 (v c > vx), 
ax = (p + 6)/8 after v c has crossed the X-ray band 
(y c < vx), thus experiencing a steepening of Aax = 

0. 25. For the same reason as in the previous case, it is 
reasonable to assume ax = (p + 6)/8 = 0.95 for most 
of the time. The consequent limit on the spectrum is 
Pox > 1.1 (dashed arrow in Fig. This is compatible 
only with (3 c x- Furthermore, v c should be very close to 
the optical bands: this implies that during our observa- 
tion v c should cross the optical bands, producing a slope 
change in the power-law decay of Aa = 0.25, which is 
not observed. If we assume that v c > vx for most of the 
time between t — 0.004 d and the epoch of the X-ray 
observation (~ 1.33 d), we derive the X-ray upper limit 
assuming ax — (p + 8)/8 = 1.2, yielding Pox > 0.9, 
which is not consistent with Pox — Pmc — 0.3 ± 0.4. 

In contrast to GRBs 990123 and 021211, we find no ev- 
idence for a change in the temporal slope within the first 
few minutes of the onset of GRB 050502a, ruling out a 
transition from reverse to forward shock emission at this 
time. In GRB 050502a the bump rises at ~6 min after 
the GRB in the rest-frame, to be compared with 0.5 min 
and 2.7 min of GRB 990123 and GRB 021211, respec- 
tively, when the above transition between reverse and for- 
ward shocks is supposed to occur. Should GRB 050502a 
have exhibited a similar transition, we should have de- 
tected it before the bump. We conclude that, despite 
the fact that a wind environment cannot be ruled out, 
the uniform ISM with clumps in density seems to better 
account for our observations. 

The interpretation of the bump as the result of a 
refreshed shock catching up with the afterglow front 
shock seems more problematic, even if it cannot be ruled 
out. In f act, according to the original refreshed-s hocks 
scenario l|Kumar k PirarJl200tt FGranot et al.ll2003(l . we 
should expect that the duration At of the bump is com- 
parable with its start time: At w t. In the case of 
GRB 050502a our measures and those bv lMirabal et alJ 
(2005) show that, in spite o f the uncertainty , At ~ 0.2 d 
and t ~ 0.02 d. Following iKumar fc Piranl <|2000D . the 
impact between the two shells should produce a forward 
shock in the outer shell responsible for the bump and a 
reverse shock propagating in the inner shell. If E\ and Eq, 
are the energy of the outer and inner shells, respectively, 
the increase in the emission due to the forward shock is 
expected to be / = (1 + £ 2 /£i) (p+3)/4 - From Fig. H we 
measure a flux increase of 10 A ™/ 2 - 5 ~ 1.6 (Am ~ 0.5); 
from p = 2.6 we obtain E^/Ei ~ 0.4. The spectrum at 
the bump is expected to have two peaks: the lower v 
peak is due to the reverse shock in the inner shell and 
its frequency should be ~ 7^ (E 2 /E{) 1 - 1 ~ 64( 70l /5) 2 
times lower than the peak frequency of the outer shell, 

1. e. v m , which we know is below the optical bands at the 
time of the bump ( 70 i is the Lorentz factor of the outer 
shell at the time of impact). The increase of emission 
at this frequency due to the inner shell is expected to 
be a factor - 8(7 0l £ 2 /£i) 5/3 ^ 25(7 0l /5) 5 / 3 . Thus, the 
bump should have been more evident at low frequency: 
^m/64/(7oi/5) 2 < vo, i.e. IR or radio. Unfortunately, 
the lack of early radio observations prev ents this predic- 
tion f rom being tested. In the J-band iBlake fc Blooml 
(2005) report a rebrightcning of ~ 0.1 mag, which how- 
ever seems smaller than that observed by us in the op- 
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tical. Moreover, according to iBlake fc Blooml l)2005fl 
the J-band rebrightening occurs between 0.065 d and 
0.084 d, i.e. later than 0.02 d of the optical bands. 

In conclusion, although the refreshed-shock scenario 
cannot be completely ruled out due to the lack of early 
radio observations, our observations appear to be more 
difficult to reconcile with its predictions than with those 
of the variable density environment. 
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Fig. 1. — Early light curves (unfiltered, R and V) for a set of GRBs with detections within minutes of the GRB. Grey triangles show the 
case of 05050 2a (filter r') roboti cally detected and followc d-up by the Liv erpool Telescope. Data are taken from GCN circulars, except for 
GRB 030418 IRvkoff et al 120041) and GRB 041219a IVestrand et al.l2005|V Only the latter values are corrected for Galactic dust extinction, 
which was high in this case (AR = 4.9). 
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Fig. 2. — Top Panel: Multi-color light curve of GRB 050502a measured with the Liverpool and the Faulkes North Telescopes. Also 
shown are the best-fit p ower laws: all of them are consi stent with a power-la w index of 1.2 ± 0.1 (see text). Two ROTSE— Illb unfiltered 
points I Yost et al. 2005) and two r' points derived from Mirabal et al. (2005) are plotted as well. Bottom Panel: residuals with respect to 
the best-fitting power laws. 
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Fig. 3. — Rest-frame SED at two epochs: t = 0.004 d (Pre-Bump) and t = 0.035 d (Bump). Optical points have been interpolated 
at the same epochs. The X— ray upper limit at t = 0.004 d (solid arrow) has been obtained by back-extrapolating the values provided by 
IHurkett et al. (2005), around ~1.3 d, assuming a power-law decay with index of ax = 1.45. Alternatively, the other X— ray upper limit at 
t = 0.004 d (dashed arrow) is obtained assuming ax = 0.95 (see text). Inset, top panel: close-up of the Pre-Bump optical points with the 
power law with {3 = 0.8 (dotted line). The flux deficiency at high v is due to the Lyman-a forest (see text). Inset, bottom panel: flux ratio 
between the Bump and the Pre-Bump epochs as a function of v. All the ratios are consistent with a constant value (weighted average of 
0.108 ± 0.005, X 2 /do/ = 1.2) shown by the solid line. 
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Table 1. Optical Photometry for. GRB 050502a with LT and FTN 



Telescope 


Filter 


Start a 


Exposure 


Mag. 


Comment 






(min) 


(s) 






LT 


SDSS-R 


3.1 


10 


1 5 67 + 03 


detection mode 


LT 


sdss-r 


3.5 


10 


i k on + n 03 


H orpi^r ii~iti tti nnf 1 

t_LL, LL^t_> L 1U11 1 1 1 U * i 


LT 




3.8 


10 


i c Qf; _|_ n 


n^t^rfiAn tti n/ir> 

til^ LH_,L11_>11 1I1UI 1L 


LT 


'Rpccpll_'R 


5.4 


30 




ttii 1 1 H — i pi~il nv cpni iprifP 

1 1 1 LI 1 Ui L U1U1 o VJ LI \_ 1 1 t_ 


LT 


■Rpccpll_V 


6.7 


30 


17 35 + 04 


ttii i Iti— p(~il t~iv spni iptipp 


LT 


SDSS-R 


8.1 


30 


1 7 nn + n 03 


ttii i l"t"i-p(~il nr cfieii ipnr*p 

111L11 II LW1U1 OL^VJ LI \L, 1 1 L^ 


LT 


SDSS-I 


9.5 


30 


i k 04 + n (14 


ttii i 1ti-P(~i1 m* eoni ipnrp 

1 1 1 Ll 1 11 LU1U1 o l_ VJ LI \_ 1 1 l_ 


LT 


Bessell-B 


10.8 


60 


19 10 + 08 


multi-color sequence 


LT 


JJLooLll V 


12.6 


60 


is 01 + 04 


ttii i Iti— p(~il nv enni iPTir*p 


LT 




14.3 


60 




TTI 1 1 1 't - 1 f*/^] t~iy Q f\ f \ 1 in T 1 C f*> 
111 HI Ul LU1UI Sl^V-J L1(_-1H_-L J 


LT 


SDSS-I 


16.1 


60 


i 7 a a 4- n 04. 


1I1L11 L1-CU1UI SCl^ LlCllCL, 


LT 




17.8 


120 


1QS1 -L f| no 


ttii i Iti— p(~il nr enni ipnr*p 

111 LI 1 11 LU1U1 SHJ Lit. lit. L^ 


LT 


Bossell-V 


20.6 


120 


1 8 70 + 05 


TTiiilti-polnT' QPAiiPTipp 

lllUlLil ^VJIUI O V_J LI \_ 1 1 


LT 


snss-R 

kj 1^ / u J it 


23.4 


120 


1 8 29 + 04 


ttii i Iti— p(~il m* epni ipTir*P 

111 HI lil LU1U1 Lit. 111. L 


LT 


SDSS-I 


26.2 


120 


1 Q Ol J_ A 1 A 

J-O.ZrJ- □! U.1U 


111 HI L1-CU1UI SCt^ LlCllCL, 


LT 


Rpoopll R 


29.1 


180 


OA 1 O _L A 1 A 
^U.lA U.-LU 


tti iil'Hi c h r\\t~i~Y' coniiriiipp 
II1L11 L1-CU1UI SCt^ LICIICC 


LT 


"Rpccpll_V 


32.9 


180 


i A nc; i a no 

-LZs.VJ'J _l_ U.VIO 


ttii i Iti— p(~il m* t;pni ipTir*P 

111L11 11 LU1U1 SHj Lit. 111. L 


LT 


snss r 


36.6 


180 


1 Q «Q _L A Afi 

lo.uy zc u.uu 


TT1 lll'Hl Cr^CiV Q O f \ 1 1 i'^ T \ rT~> 
111L11 LI LU1U1 l_lt_-ll(_-L 


LT 


SDSS-I 


40.4 


180 


1 Q CI _)_ A 1 A 


TTI lll'Hl C ' t~\ 1 C\ 1* Q 0/~l 1 1 £1 Tl i^* O 
111 LI 1 Ul LU1UI Llt_-lH_-L J 


LT 


Bessell-B 


44.2 


120 


20.72 ± 0.18 


multi-color sequence 


LT 


Bessell-V 


47.0 


120 


19.48 ± 0.09 


multi-color sequence 


LT 


SDSS-R 


49.8 


120 


18.84 ± 0.07 


multi-color sequence 


LT 


SDSS-I 


52.6 


120 


18.50 ±0.11 


multi-color sequence 


LT 


Bessell-B 


55.3 


180 


21.00 ±0.20 


multi-color sequence 


LT 


Bessell-V 


59.1 


180 


19.70 ±0.12 


multi-color sequence 


FTN 


Bessell-R 


348 


4x200 


21.6 ±0.2 


late follow-up 


FTN 


Bessell-V 


370 


6x200 


22.6 ±0.2 


late follow-up 


FTN 


Bessell-R 


620 


4x200 


22.4 ±0.5 


late follow-up 


FTN 


SDSS-I 


690 


4x200 


22.3 ±0.4 


late follow-up 


LT 


SDSS-R 


1340 


24x150 


24.0 ± 0.6 


late follow-up 



a This corresponds to the time delay with respect to the GRB trigger time, to = 0.09302 UT. 



